The bimodal NW Etendeka province is located at the continental end of the Tristan plume trace in coastal Namibia. It comprises a high-Ti (Khumib type) and three low-Ti basalt (Tafelberg, Kuidas and Esmeralda types) suites, with, at stratigraphically higher level, interstratified high-Ti latites (three units) and quartz latites (five units), and one low-Ti quartz latite. Khumib basalts are enriched in high field strength elements and light rare earth elements relative to low-Ti types and exhibit trace element affinities with Tristan da Cunha lavas. The unradiogenic 206 Pb/ 204 Pb ratios of Khumib basalts are distinctive, most plotting to the left of the 132 Ma Geochron, together with elevated 207 Pb/ 204 Pb ratios, and SrEEENd isotopic compositions plotting in the lower 143 Nd/ 144 Nd part of mantle array (EM1-like). The low-Ti basalts have less coherent trace element patterns and variable, radiogenic initial Sr ( $0Á707EEE0Á717) and Pb isotope compositions, implying crustal contamination. Four samples, however, have less radiogenic Pb and Sr that we suggest approximate their uncontaminated source. All basalt types, but particularly the low-Ti types, contain samples with trace element characteristics (e.g. Nb/Nb Ã ) suggesting metasediment input, considered source-related. Radiogenic isotope compositions of these samples require long-term isolation of the source in the mantle and depletions (relative to unmodified sediment) in certain elements (e.g. Cs, Pb, U), which are possibly subductionrelated. A geodynamic model is proposed in which the emerging Tristan plume entrained subducted material in the Transition Zone region, and further entrained asthenosphere during plume head expansion. Mixing calculations suggest that the main features of the Etendeka basalt types can be explained without sub-continental lithospheric mantle input. Crustal contamination is evident in most low-Ti basalts, but is distinct from the incorporation of a metasedimentary source component at mantle depths.
INTRODUCTION
Large igneous provinces, such as the Early Cretaceous Paran aEEEEtendeka continental flood basalt province, are characterized by the eruption of enormous magma volumes over relatively short time intervals, emplaced as regional lava sequences and dyke swarms, sills and intrusive complexes. Magma generation on this scale has long been linked to upwelling of deep, hot mantle plumes (e.g. Morgan, 1981) . Petrologists have accordingly discussed the geochemical characteristics of these provinces in terms of components from the plume, sub-continental lithospheric mantle (SCLM) and the depleted asthenospheric mantle.
Understanding of mantle upwellings has improved greatly during the past two decades (e.g. Griffiths & Campbell, 1990) . Stacey & Loper (1983) initially suggested that upwellings originated at the coreEEEmantle boundary, as a result of core cooling; which has since been supported, for large plumes, by tomographic imaging. For example, Ji & Nataf (1998) documented transport of hot material in narrow cylindrical corridors from the lowermost mantle, and for the South Atlantic, a deep mantle upwelling has been linked to the so-called South African`superswell' (Romanowicz & Gung, 2002) . The recognition of lowermost mantlederived plumes and possible melt layers at the bottom of the lower mantle (Williams & Garnero, 1996) is relevant to the interpretation of the isotope and geochemical systematics of plume-derived magmas (Brandon et al., 1998) . Equally important petrologically is the realization that subducted oceanic plates appear to penetrate the upperEEElower mantle boundary at $670 km (van der Hilst et al., 1991) , or more typically, to accumulate in the mantle Transition Zone between $410 and 670 km depth (Ringwood, 1989; Simons et al., 1999; Fukao et al., 2001) .
Mantle upwellings originating from the coreEEE mantle boundary may incorporate recycled metamorphosed, subducted oceanic crust and upper mantle during ascent, especially during the initial rise of the plume head. It is therefore appropriate to consider stored eclogitic oceanic crust and associated metasediment as an additional magma source component within large basalt provinces. Because the Transition Zone is laterally heterogeneous, and may contain zones of subducted slabs of varying age, the possibility exists for the observed provinciality within large igneous provinces to be related to lateral heterogeneities within the Transition Zone rather than within the subcontinentental lithospheric mantle (SCLM) (e.g. Cox, 1988) .
In this paper we argue that enriched SCLM was not a major magma source contributing to Paran aEEE Etendeka volcanism, but that the Tristan plume was the main trigger for the volcanism and contributed, with local asthenospheric mantle, to the petrogenesis of most of the primitive mafic magmas. We also argue that contributions from subducted slabs in the Transition Zone can be identified from their distinctive geochemical and isotopic fingerprints.
Paran aEEEEtendeka magmatism is generally considered closely associated, in space and time, with continental rifting above the long-lived Tristan da Cunha mantle plume (e.g. O'Connor & Duncan, 1990; Peate et al., 1990; Hawkesworth et al., 1992) . Parallel studies in South America and Africa over the past two decades have provided a wealth of data used to support this interpretation (e.g. Bellieni et al., 1984 Bellieni et al., , 1986 Erlank et al., 1984; Piccirillo et al., 1988a Piccirillo et al., , 1988b Peate et al., 1990 Peate et al., , 1999 Ewart et al., 1998a; Marques et al., 1999; Schmitt et al., 2000; Marsh et al., 2001 , and numerous references therein). The Paran a volcanic sequence extends over an area of 1Á2 Â 10 6 km 2 with a preserved thickness of 1Á7 km in the north (Melfi et al., 1988; Peate et al., 1990; Peate, 1997) . In contrast, eroded remnants of the Etendeka sequence ( Fig. 1) , with maximum observed thickness of $1 km, crop out over an area of $78 000 km 2 . In the Paran a, Bellieni et al. (1984 Bellieni et al. ( , 1986 estimated that silicic volcanics make up $3% of the total eruptive volume. In the Etendeka, silicic volcanics commonly constitute up to 50% of the preserved volcanic thickness. This difference in the proportions of silicic rock types is a function of the asymmetry of the Paran aEEEEtendeka Province relative to the Atlantic rift (Turner et al., 1994) , and the fact that the silicic volcanics are related spatially to the rift.
Early Cretaceous Gondwana plate reconstructions (De Wit et al., 1988) place the Etendeka region adjacent to the southeastern corner of the Paran a Basin. The close similarities between the magmatism of these once contiguous areas has long been known and is reinforced by modern studies, particularly age dating (e.g. Renne et al., 1992 Renne et al., , 1996 Stewart et al., 1996) and the trans-Atlantic correlations of specific silicic eruptive units (Milner et al., 1995b; Marsh et al., 2001) . The southeastern Paran a and northwestern Etendeka regions are located where the postulated Tristan da Cunha plume trails, namely the Walvis Ridge and the Rio Grande Rise, intersect the African and South American continental margins, respectively. Principal crustal stretching along the East Brazil Rift system occurred between 130 and 120 Ma, with extension leading ultimately to the opening of the South Atlantic ocean basin (Chang et al., 1992) .
A diversity of voluminous tholeiitic mafic and silicic volcanic units, together with numerous contemporaneous intrusive ring complexes (the Damaraland complexes; Fig. 1 ) containing a range of alkaline and tholeiitic rocks (extending to carbonatite and peralkaline granites), are characteristic of the Etendeka. This area clearly provides an unsurpassed opportunity to address questions relevant to the relationship between mantle plumes, flood volcanism, continental rifting, and sources of the mafic and silicic magmas.
Previous accounts of the Etendeka have focused on the southern Etendeka Milner et al., 1992 Milner et al., , 1995a Ewart et al., 1998a Ewart et al., , 1998b , i.e. south of latitude 19 21 H S that passes through M owe Bay (Fig. 1 ). This location also approximately coincides with the southern limit of the high-Ti subprovinces within the Etendeka. This paper focuses on the northern Etendeka, extending northwards from, and including, the southern coastal subdomain (see below and Fig. 1 ).
GEOLOGICAL SETTING
The northern Etendeka region comprises three structural domains, two coastal and one inland (Marsh et al., 2001) . The coastal domains (Figs 1EEE3) lie within a 25 km zone along the coast from Terrace Bay northwards to Angra Fria. Along this zone the volcanic sequence is underlain by, and locally interbedded with aeolian Twyfelfontein (formerly Etjo) Formation sandstones (Stanistreet & Stollhoffen, 1999) . The basal succession comprises !400 m of basaltic flows of the Khumib Formation (comprising both high-Ti and low-Ti basalts) overlain by a 400EEE500 m sequence of silicic flows with minor interbedded basalts (the Skeleton Coast Formation). The coastal domain comprises two subdomains, extending north and south of M owe Bay (Figs 2 and 3, respectively), which expose two differing sequences of silicic volcanic units.
The entire coastal domain (preserved thickness of $1 km) has been intensively faulted by dominantly coast-subparallel normal faults. The volcanic sequences dip dominantly to the east and south and have been rotated with progressive downthrows to the west (Fig. 2) . Net downthrows are estimated to be 290 m across a lateral distance of 22 km in the northernmost area, and a minimum of 200 m across 8 km in the Sarusas area (Fig. 2) . Along its eastern boundary, the volcanic sequence is downfaulted against Proterozoic Damara basement granites and schists along a major detachment surface.
The inland domain comprises eroded remnants of only mafic, subhorizontal flows of the Khumib Formation, which include high-Ti (Khumib) and low-Ti (Tafelberg and Kuidas) types. No silicic volcanic rocks are exposed. Although downfaulted against basement rocks along their eastern margins, the volcanic sequence is relatively unfaulted. The overall east to west geological change across the northern Etendeka is one of increasing deformation towards the coast. Dolerite dykes (Tafelberg, Esmeralda and Khumib types; see below) occur throughout, but are most abundant in the northern coastal domain, striking dominantly coast-parallel. Individual NW-trending dykes extend for up to 23 km, with widths from 1 to 4100 m (dominantly 10EEE30 m). Rarer NE-trending dykes range between 1 and 20 m (dominantly 1EEE5 m) in width. Field relations indicate that intrusion of both dyke trends overlapped and was contemporaneous with faulting.
Inland of Cape Fria, the volcanic sequence is intruded by the Agate Mountain carbonatite complex (Fig. 2) of unknown age. The complex forms a roughly circular intrusive and breccia complex, $2Á5 km in diameter, centred on a major NW-trending fault separating the basalt sequence from the stratigraphically higher Sarusas quartz latite. Fenitization extends for 2 km around much of the complex, and radially oriented dykes of carbonatite and rare phonolite extend for 7 km from the complex.
The Cape Fria`complex' forms a distinctive suite of rocks cropping out between Agate Mountain and the coast. The complex comprises horizontal sheets of coarse-grained gabbroic and silicic volcanic units with chilled cappings, which are juxtaposed against the regional volcanic sequence along faulted or faultscarp contacts. Geochemical data indicate that the gabbros and silicic volcanic rocks are chemically equivalent to some members of the regional volcanic sequence, dominantly the Esmeralda basalts and Fria quartz latite (see below), but also contain zones of hybrid composition. The Fria`complex' is interpreted, from field data, as a ponded and relatively slowly cooled accumulation of basaltic and silicic lavas, locally intermixed, which have flowed into a contemporaneously active fault-controlled depression, somewhat analogous to Hawaiian lava lakes.
The Khumib, Tafelberg and Esmeralda basalt types correlate, respectively, with the Urubici, Gramado and Esmeralda types of the Paran a (Peate, 1997; Marsh et al., 2001) . The Ribeira, Paranapanema and Pitanga basaltic suites, which occur in the northern Paran a, have not been recognized within the Etendeka and are therefore not considered in detail in this paper. Eight silicic eruptive units dominate the higher exposed stratigraphy of the northern subdomain. Only one (the Sarusas quartz latite) extends southwards into the southern coastal domain, where it is associated with quartz latites having affinities with the southern Etendeka types. The silicic eruptives units are described in the companion paper (Part 2, Ewart et al., 2003) .
Paran a flood basalt volcanism is constrained between 129 and 134 Ma, with evidence for younger volcanism (120EEE128 Ma) along the coastal region (Peate, 1997) . Eruptive ages of 127EEE131 Ma are reported for equivalent lavas from southern Uruguay (Kirstein et al., 2001) . These compare with 127EEE132 Ma for the Etendeka (Milner et al., 1995b; Renne et al., 1996; Stewart et al., 1996; Kirstein et al., 2001) . Associated Damaraland igneous complexes range in age from 123 to 137 Ma (Milner et al., 1995c; Renne et al., 1996; Schmitt et al., 2000) .
ANALYTICAL TECHNIQUES Analytical techniques and sampling strategy
Approximately 550 rock analyses are available for the northern Etendeka, including those of Erlank et al. (1984) and Milner (1988) , of which approximately 250 are of silicic types. As part of the mapping and documentation of the regional stratigraphy, major sampling was carried out between 1992 and 1998, the large number of samples analysed being necessitated by the difficulty of distinguishing, both in the field and petrographically, the various basaltic and the eight silicic rock types. A subset of 35 samples (Table 1) was selected for new isotopic and inductively coupled plasma mass spectrometry (ICP-MS) trace element analysis, representing unaltered samples of the Khumib and Tafelberg mafic types and the silicic types, excepting the very localized Naude quartz latite. As shown in Part 2 (Ewart et al., 2003) , each of the silicic types is chemically relatively homogeneous. Additionally, three southern Etendeka Tafelberg samples were reanalysed by ICP-MS because of their unusual reported Pb isotope compositions (samples KLS048, 058, 100; Table 1 ). Five samples from Tristan da Cunha and Inaccessible Islands (Appendix , Table A1 ) were analysed by ICP-MS to provide a more complete set of trace element data than currently exists in the literature. The full set of northern Etendeka whole-rock data, including locations and isotope data, can be accessed from the Electronic Appendix, which may be downloaded from the Journal of Petrology web site at http://www.petrology. oupjournals.org.
X-ray fluorescence (XRF) analyses were carried out at the University of Cape Town (UCT) and Rhodes University, South Africa. After initial splitting and jaw crushing, samples were pulverized in carbon-steel mills for constant times. Splits of these were used for Sr and Nd isotope analyses at UCT. Samples for Pb isotope and ICP-MS analyses were crushed in agate.
Major elements were determined by the XRF fusion procedures of Norrish & Hutton (1969) with Na 2 O analysed on pressed powder briquettes. XRF determined trace elements (Rb, Ba, Sr, Th, U, Zr, Nb, Cr, V, Sc, Ni, Co, Pb, Zn, Cu, Zn, Y, La, Ce, Nd) were Erlank et al. (1984) , were reanalysed for trace elements and Pb isotope compositions as they were originally reported with relatively unradiogenic Pb isotope compositions (see text). 2 All trace elements in sample KLS549 determined by XRF. 3 Zr determined by XRF. 4 Zr determined by ICP-MS. also determined on pressed briquettes with corrections for background, absorption and spectral line interferences. A range of international standards were used for calibration. Duncan (1984) has provided a summary of the methods and precision of the XRF data.
ICP-MS analyses were carried out at the University of Queensland for Cs, Rb, Ba, Sr, Th, U, Pb, Zr, Hf, Nb, Ta, Ga, Ni, Cr, Cu, Zn, V, Sc, Co, Y, rare earth elements (REE), Li and Be. Samples, following crushing, were leached in 10% H 2 O 5 EEE5% HCl for 10 min at room temperature, and rinsed with distilled water. Analyses were carried out on a Fisons PQ2 instrument, following the procedures of Eggins et al. (1997) and Murphy et al. (2002) .
For consistency with the large existing set of Etendeka XRF analyses, the plots presented in this paper use the XRF values for Rb, Ba, Sr, Zr, Nb, Y, Cr, V, Co and Sc unless specified otherwise. For other elements duplicated by two techniques, ICP-MS data, or existing spark source mass spectrometry (SSMS) or instrumental neutron activation analysis (INAA) data, were preferred.
SrEEENdEEEPb isotopic analyses
Sr and Nd isotopic ratios were measured on a VGSector seven-collector mass spectrometer at the Radiogenic Isotope Facility, UCT, using unleached sample powders. Sr and Nd were measured in dynamic mode with mass fractionation corrected to 86 Pb isotopes were analysed on purified samples in static multi-collector mode using a Finnigan MAT 261 at the Research School of Earth Sciences, Australian National University (with the exceptions noted below). Approximately 200 mg splits of rock powder were dissolved in HFEEEHNO 3 and the Pb was separated and purified by normal double-pass HBrEEE HCl anion exhange methods using Teflon microcolumns. To correct for mass fractionation, the double spike technique was used (Woodhead et al., 1995; Ewart et al. (1998a) . Repeat Pb isotope analyses of three southern Etendeka Tafelberg samples (see above), together with SrEEENdEEEPb analyses of the five Tristan da Cunha and Inaccessible Islands samples (see above) were analysed in the ACQUIRE laboratories at the University of Queensland, following the procedures listed by Collerson et al. (2002) . New isotopic data for the Etendeka mafic samples are presented in Table 1 , and the Tristan samples in the Appendix, Table A1 .
MAGMA TYPES AND THEIR DISTRIBUTION
The Etendeka province is bimodal with respect to the SiO 2 content of the regional magma types (including dykes; Milner et al., 1995b) , a feature shared with the Paran a (Peate, 1997) . Although still bimodal (Fig. 4) , the northern Etendeka contains a higher proportion of intermediate compositions, mainly as latites and abundant high-Ti quartz latites (see Part 2, Ewart et al., 2003) , the latter with generally lower SiO 2 concentrations than the low-Ti equivalents that predominate in the southern Etendeka (Milner, 1988; Milner et al., 1992; Ewart et al., 1998b) .
In the total alkalisEEEsilica (TAS) classification, the low-Ti Tafelberg and high-Ti Khumib samples range from basalt, through basaltic andesite, basaltic trachyandesite to andesite and trachyandesite [as discussed by Marsh et al. (2001) ]. For clarity, we simply refer to these as the Tafelberg and Khumib basaltic series, unless otherwise specified. Within the Etendeka, the distinction between the high-Ti and low-Ti basaltic series is based on TiO 2 and Sr, the boundaries taken at 2Á2 wt % and 450 ppm, respectively (Marsh et al., 2001) . Peate et al. (1992) used the Ti/Y ratio for the Paran a lavas with the boundary taken at 310. This criterion, however, does not adequately subdivide the chemistries of the Etendeka mafic lavas, although it is a useful discriminant ratio.
Eight geochemically distinct mafic magma types are recognized in the entire Etendeka Province (Marsh et al., 2001) , of which fourÐthe high-Ti Khumib and the low-Ti Tafelberg, Kuidas and Esmeralda typesÐ occur in the northern Etendeka. The Tafelberg and Khumib types dominate the lower part of the volcanic sequence (together forming the Khumib Formation), and the Esmeralda types are interbedded with silicic types in the overlying part of the sequence (comprising the Skeleton Coast Formation). The proportion of Khumib type flows increases inland, but decreases southwards, terminating north of Terrace Bay (Fig. 1) . Only five Khumib dykes are known, all from north of latitude 18 27 H S. Esmeralda type lavas and dykes, although more common in the northern Etendeka, extend into the southern Etendeka. The Tafelberg type flows and dykes are widespread along the coastal domains and throughout the southern Etendeka.
The Khumib basaltic series are compositionally variable (MgO 2Á4EEE11Á4 wt %; SiO 2 49Á1EEE58Á5 wt %), being more diverse than the equivalent Paran a Urubici basalts (MgO 3Á7EEE5Á4 wt %). More Mg-rich flows occur at or close to the base of the sequence. Despite extensive flow-by-flow sampling, we cannot recognize the compositional stratigraphy described by Peate et al. (1999) in the Urubici sequence. Northern Etendeka Tafelberg basaltic series [including the regional dolerites of Erlank et al. (1984) ] are also compositionally variable (MgO 2Á9EEE8Á0 wt %; SiO 2 50Á0EEE 57Á8 wt %), but without the high MgO compositions (up to 23Á5 wt %) that sporadically occur in the southern Etendeka (see Fig. 6 Although not exposed within the northern Etendeka, three additional southern Etendeka magma-types are important petrogenetically and are included in the petrogenetic interpretations (see below): (1) the Horingbaai dolerites, a volumetrically minor dyke phase with no known volcanic equivalents, were emplaced in the later stages of Etendeka volcanism; they are chemically similar to E-MORB Duncan et al., 1990; Thompson et al., 2001) ; (2) the relatively small-volume Tafelkop series (ferropicrites of Gibson et al., 2000; Thompson et al., 2001) , limited to the Goboboseb Mountains and Doros regions ( Fig. 1 ; Jerram et al., 1999) , and identified as plume related (Milner & le Roex, 1996; Ewart et al., 1998a; Thompson et al., 2001) ; (3) the Nil Desperandum dolerites identified by Thompson et al., (2001) , which may be related to the Huab sill complex (Duncan et al., 1989) . We note that the use of Nil Desperandum duplicates a name previously used for a southern Etendeka latite (Marsh et al., 2001) . We therefore use the alternative name`Florida type' for these dolerites, from one of the relevant localities.
MINERALOGY
The low-Ti Tafelberg, Esmeralda and Kuidas lavas are aphyric to sparsely phyric, the rare phenocryst or microphenocryst phases being plagioclase, augite, less common pigeonite and rare titaniferous magnetite (Table 2 ). Groundmass phases are the same, with the calcic pyroxenes extending into the subcalcic range, and coexisting with pigeonite. Olivine has not been identified in the northern Etendeka low-Ti basalts, although olivine (Fo 85EEE87 ) has been reported in magnesian dykes from the southern Etendeka . Application of the Lindsley (1983) twopyroxene geothermometer to phenocryst, microphenocryst and groundmass phases in lavas indicates temperatures of $1150EEE1200
C. Dolerite dyke pyroxenes are compositionally more variable than those in the lavas, with extreme development of subcalcic compositions, although whether these pyroxenes are homogeneous is uncertain (Mellini et al., 1988) . Two Ewart et al. (1998a Ewart et al. ( , 1998b Milner (1988) , and references therein; Marsh et al. pyroxene temperatures indicate a range between $1100 and 1250 C. The Khumib lavas are aphyric to sparsely phyric in the lower MgO types, but phyric in the lavas with 4$5 wt % MgO (Table 2) . Phenocrysts in the latter comprise augite, orthopyroxene, plagioclase, and altered olivine and pigeonite. Orthopyroxene has not been found in the less magnesian lavas. Groundmass phases are typically plagioclase, augiteEEEsubcalcic augite, pigeonite, titaniferous magnetite and ilmenite. Two-pyroxene thermometry (Lindsley, 1983) suggests temperatures in the range $1050EEE1150 C (55 wt % MgO types) and 1100EEE1200 C (45 wt % MgO types). The occurrence of orthopyroxene in the more magnesian basalts is significant as it appears to be rare in tholeiites of large igneous provinces (Demarchi et al., 2001) . In some Khumib samples, the orthopyroxene is cumulate (see below) which may explain the existence Pl, plagioclase; Cpx, augiteEEEsubcalcic augite; Pig, pigeonite; mag, titaniferous magnetite; Opx, orthopyroxene; mph, microphenocrysts; ph, phenocrysts; Gm, groundmass; C, core; R, rim. 2004 of bimodal orthopyroxene compositions in some samples ( Table 2) . The Cape Fria gabbros comprise coarse phenocrystal plagioclase, augite, magnetite and microphenocrystal apatite set in very fine-grained interstitial matrix (20EEE35 vol. %, Table 2 ). Crystallization occurred in situ within surface ponded lava lakes, not all necessarily interconnected, explaining the subtly differing mineralogical and chemical variations within different outcrops. Major element chemistry ( Fig. 5) suggests , Table A2 ). Curves 3 and 4 are calculated using dacitic partition coefficients with the same mineral assemblages as for curves 1 and 2, respectively. Introduction
JOURNAL OF PETROLOGY
All basalt types, irrespective of MgO concentrations, are predominantly silica-saturated tholeiites (Fig. 5a ), with only a small number marginally silicaundersaturated. Compared with the Tafelberg type, Khumib basalts are enriched in TiO 2 , P 2 O 5 , Zr, Sr, Nb, Ba, light REE (LREE) and middle REE (MREE) for a given MgO concentration (Fig. 5c , e and f ) or Mg number. MgO, Ni and Cr also tend to be higher in the Khumib basalts ( Fig. 5d) , especially in the inland domain. Other incompatible elements, such as K 2 O, Rb, U, Th, Pb, Y and heavy REE (HREE), show substantial to complete overlap between the two types. Ratios of incompatible elements between these two groups are useful discriminators, e.g. Ti/Y, Zr/Y, Th/Yb, Nb/Yb, Zr/Nb, Ti/Nb, Tb/Yb, Ce/Pb and Sr/ Pb (Table 3) .
The low-Ti Esmeralda and Kuidas basalts share many geochemical features with the Tafelberg basalts (Table 3 ), but are distinguished by higher Ti/Zr and lower Zr/Y (Fig. 5e) , and for the Esmeralda basalts, high FeO tot (for given MgO; Fig. 5b ). Esmeralda basalts possess relatively low Mg number (50EEE28) whereas Kuidas basalts have consistently high Mg number (67EEE60). In the elemental plots (Fig. 5; and Figs 10EEE15, 17 and 18, below) , the Paran a and Etendeka Esmeralda chemical data are combined.
The Tafelberg, Khumib and Esmeralda basalt types exhibit variable and overlapping ranges of MgO concentrations. Incompatible element abundances (e.g. Zr, Ti, P, Nb, K, Ba) increase and compatible element (e.g. Ca, Cr, Ni) abundances decrease systematically with declining Mg number within each of the basalt types (e.g. Fig. 5c and f ). This is consistent with fractional crystallization control on the compositional spectrum observed within the basalts, an aspect documented in detail for the southern Etendeka Tafelberg series by Erlank et al. (1984) and Ewart et al. (1998a) . It has also been documented by and Peate et al. (1999) for the Gramado and Esmeralda equivalents in the Paran a, and is therefore not treated further in this paper. Major and trace element compositions (and isotopic compositions; see below) of the southern and northern Etendeka Tafelberg types exhibit almost complete overlap (Fig. 5) , attesting to the widespread distribution of this magma type. It forms a regionally distributed and strongly heterogeneous magma type within the Etendeka, mirrored by the equivalent Paran a Gramado rocks. In the descriptions and discussions that follow we use all the available Tafelberg data.
Despite the northern Etendeka region lying at the intersection of the Tristan plume trace (i.e. the Walvis Ridge) with the continental margin ( Fig. 1) , none of the northern Etendeka mafic magma types have compositions similar to the plume-related Tafelkop picritic basalts identified in the southern Etendeka.
Khumib basalt typeÐmajor element trends
Two significant features of the Khumib basalts are: (1) their compositional range with element variations broadly consistent with crystal fractionation; (2) the presence of phyric, relatively MgO-rich lavas at the base of the sequence. Figure 6 highlights some distinctive trends identified within the high-MgO subset (45 wt % MgO) of Khumib samples and demonstrates that they do not group at the primitive end of a simple liquid line of descent.
Amongst the MgO-rich basalt subset (Fig. 6 ), the SiO 2 -poor samples contain phenocrystal olivine and augite, whereas olivine is absent in the more SiO 2 -rich rocks, which have abundant augite orthopyroxene AE pigeonite plagioclase. The displaced, but parallel trend of the high-MgO samples in the MgOEEESiO 2 plot (Fig. 6d ) suggests that they may have developed from low-MgO basalts by accumulation of mafic phenocrysts. This has been modelled by least-squares mixing calculations (Table 4) , using samples identified in Fig. 6 , which support an accumulation trend for Si-poor samples (trend 2 in Fig. 6d inset) , involving olivine and orthopyroxene only. In contrast, the more evolved compositions (trend 1) are dominated by accumulation of augite and lesser amounts of plagioclase with minor involvement of pigeonite (or olivine). Although the calculated Sr 2 values for these models are slightly high (range: 0Á17EEE0Á34, the largest residuals for Na and K), the results support the feasibility of the proposed accumulation processes.
Compositional variation in the Paran a low-MgO Urubici lavas was shown by Peate et al. (1999) to be consistent with fractional crystallization of olivine augite plagioclase for generating evolved TiO 2 -enriched derivatives from lower TiO 2 parental magma compositions. As this fractionation assemblage produces little SiO 2 enrichment, Peate et al. (1999) (116, 9) (3 . 3, 9) (1 . 7, 9) (3 . 1, 9) (0 . 06, 9) (0 . 14, 9) (5 . 7, 9) (2 . 0, 9) (11 . 7, 9) (1 . 5, 9) (0 . 01, 9) (4 . 5, 9) (0 . 2, 9) (0 . 13, 9) (0 . 10, 9) discrete oxide-poor and oxide-rich trends are not evident within the data. It is suggested that either the proportion of oxide in the fractionating assemblage varied widely and unsystematically between magma batches, or there has been mixing of magmas evolving along the oxide-present and oxide-absent trends. The MELTS software (Ghiorso & Sack, 1995 ) was used to test the possible effects of f O 2 on magnetite crystallization (at 2 kbar) of sample KLS574 (51Á57 and 2Á96 wt % SiO 2 and TiO 2 , respectively; see Electronic Appendix). At f O 2 NNO (nickel---nickel oxide), the phase assemblage of augite, low-Ca pyroxene and plagioclase is joined at F 0Á53 by Ti-magnetite, which forms 40 wt % of the precipitating solid fraction, producing a liquid with 55Á43 and 3Á85 wt % SiO 2 and TiO 2 . At f O 2 QFM 3 log units (where QFM is quartz---fayalite---magnetite), the assemblage augite and plagioclase is joined by Ti-magnetite at F 0Á68, which forms 56 wt % of the precipitating solid assemblage, producing a liquid with 58Á79 and 3Á21 wt % SiO 2 and TiO 2 , respectively. We suggest that these calculations support the existence of contrasting fractionation paths, at differing f O 2 , leading to differing levels of Ti and Si enrichment in derivative magmas (Fig. 6a inset) .
Comparable calculations to model the crystallization of orthopyroxene, and its observed bimodal composition, within Khumib sample KLS554 ( (49) (50) (51) (52) , reduced stability at 10 kbar). Olivine occurs only at the lowest pressures, under both hydrous ( 4 kbar) and anhydrous (52 kbar) conditions. The predicted phase mineralogy and compositions agree with observed phenocryst phases at pressures !2 kbar. Mg-rich orthopyroxene compositions observed within this sample are not consistent with the rock bulk composition, but may represent a relict composition from an earlier phase of cumulate crystallization.
TRACE ELEMENTS Introduction
The trace element characteristics of the Etendeka Tafelberg and Khumib type lavas and dykes have been extensively described by Erlank et al. (1984) , Ewart et al. (1998a) (2) The Gramado, Esmeralda and Urubici series from the Paran a Peate et al., 1999) and other high-Ti and low-Ti basalts from southern and northern Paran a ; (3) comparative data from Tristan da Cunha and Inaccessible Islands, and Walvis Ridge (O'Nions & Pankhurst, 1974; Richardson et al., 1982; Humphris & Thompson, 1983; Weaver et al., 1987; le Roex et al., 1990; Cliff et al., 1991; Appendix, Table A1 ); (4) Namibian Cretaceous lamproitic, lamprophyric, carbonatitic and kimberlitic intrusives (Milner & le Roex, 1996; le Roex & Lanyon, 1998; Davies et al., 2001) ; (5) the complex series of alkaline and ultra-alkaline igneous suites (lamprophyres, lamproites, kimberlites, etc.) associated with the Paran a region (CominChiaramonti et al., 1992; Gibson et al., 1995a Gibson et al., , 1995b Carlson et al., 1996; Thompson et al., 1998) .
Relations between magma types
Northern Etendeka REE data ( Table 3 ); (2) overlap of LREE abundances between the Tafelkop and Tafelberg types, but La/Yb ratios differ (mean 13Á5 compared with 7Á2, respectively); (3) markedly lower LREE abundances within the Horingbaai dykes, the mean La/Yb ratio being 2Á8.
Normal mid-ocean ridge basalt (N-MORB)-normalized multi-element variation plots (Fig. 8a) for the northern Etendeka Tafelberg and Khumib samples are consistent with the well-established patterns of enhanced LILE and HFSE abundances in the Khumib magmas, except for Cs, Rb, Th, U and K. The most conspicuous features of both magma types, relative to N-MORB, are the enhanced concentrations of Ba, Pb (Table 1) , and (b) ICP-MS analysed Horingbaai and Tafelkop basalts (Gibson et al., 2000; Thompson et al., 2001 ; using only samples showing least crustal contamination) and the two most magnesian Tristan da Cunha basalts (Appendix , Table A1 ). Normalizing values after Sun & McDonough (1989) .
(and Cs, Rb and AEU within the Tafelberg samples), with relative depletions of NbEEETa, Sr and Ti and possible weak depletions of Zr and Hf. These features are most strongly developed within the Tafelberg magmas and comparable trace element signatures, of varying intensities (Fig. 8b) , are also present in the Tafelkop and Horingbaai samples (and Esmeralda and Florida magma types, not shown for clarity), and weakly developed in the new Tristan da Cunha data. Similar characteristics are also observed in lamproites (e.g. Fraser et al., 1985; Ellam & Cox, 1991; Murphy et al., 2002) .
The possible effects of crustal contamination on the Tafelberg magma compositions require consideration in view of their variable and generally radiogenic Sr isotope compositions. As shown by Erlank et al. (1984) , Tafelberg samples with high and low Sr isotopic compositions have very similar major and trace element compositions, and this observation is not changed by the extended data presented here, as clearly illustrated in Fig. 9 . The Tafelberg trace element patterns have a strongly developed`crustal' character that is little modified by addition of, for example, 20% of model bulk continental crust composition (Taylor & McLennan, 1995) irrespective of their initial Sr isotopic ratios. This is consistent with the conclusions of Erlank et al. (1984) that simple crustal contamination or assimilationEEEfractional crystallization (AFC) processes alone cannot explain the combined isotopic and compositional characters.
In the Th/Yb vs Nb/Yb plot (Fig. 10a) , the mantle array is defined by MORB, Tristan and the Namibian ultra-alkaline suites. Within this array project the Horingbaai, Florida and Tafelkop series. The Tafelberg rocks, however, are clearly displaced towards crustal compositions, extending into the fields of low-Ti quartz latites. The Khumib basalts and the high-Ti lavas from northern Paran a (Marques et al., Fig. 9 . N-MORB-normalized multi-element plots of Etendeka (whole region) Tafelberg basalts with initial 87 Sr/ 86 Sr ratios 50Á710 (a) and 40Á710 (b). The overall similarity of element abundance patterns, and overlapping SiO 2 concentrations, should be noted. The 50Á710 subset includes the unradiogenic Pb isotope samples. Data from Erlank et al. (1984 ), Milner (1988 , Ewart et al. (1998a) and Table 1. JOURNAL OF PETROLOGY VOLUME 45 NUMBER 1 JANUARY 2004 Fig. 10 . Trace element ratio plots for the mafic magma types of the Etendeka; the Cretaceous ultra-alkaline rocks (lamproites, kimberlites, lamprophyres and related types) of Namibia the Paran a Gramado (low-Ti), Esmeralda (low-Ti; Paran a and Etendeka data combined) and Urubici (high-Ti) series; and Walvis Ridge and Tristan da Cunha lavas. Data sources listed in the text. Compositional arrays of low-Ti and high-Ti silicic volcanics are shown as dashed closed fields; the low-Ti quartz latites are from the southern Etendeka (Milner, 1988; Ewart et al., 1998b) . Upper-crustal field based on Rudnick & Fountain (1995) and Taylor & McLennan (1995) ; Namibian and Paran a crustal basement compositions have been listed by Ewart et al. (1998b) . Comparative mean MORB and OIB (Sun & McDonough, 1989) , GLOSS (Plank & Langmuir, 1998) , Gaussberg [Murphy et al., 2002; not shown in (b) as out of range of plot] and Pitcairn (Eisele et al., 2002) compositions are shown. Schematic mantle array is shown in (a). The Walvis Ridge Site 525A data are highlighted in (b) because of their geochemical similarity to the Khumib lavas. The insets show fractional crystallization vectors calculated for plag aug pig mt apat phase assemblage, to F 0Á5 (at termination of each vector), using basaltic (1) and dacitic (2) partition coefficients (Appendix, Humphris & Thompson (1983) .
Crustal±sediment signatures
The TafelbergEEEGramado and Esmeralda basalts exhibit pronounced NbEEETa depletions, also developed more weakly in the KhumibEEEUrubici series. NbEEETa depletion is a characteristic of arc-related magmas, continental crust and crustally derived sediments (e.g. Taylor & McLennan, 1995) . Crustal contamination will therefore result in negative NbEEETa anomalies. This was quantified by Eisele et al. (2002) , who defined the parameter Nb/Nb Ã [ Nb N /H(Th N Á La N ), normalized to primitive mantle], which provides a potential index of sediment input.
Nb/Nb Ã correlates with a range of trace element (and isotopic) ratios (see below), for example, Ce/Pb, Nb/U, Eu/Eu Ã , Ti/Y, La/Yb, La/Nb and Sr/Pb (e.g. Fig. 11a , Table 3 ). The Tafelberg and Esmeralda rocks have the lowest Nb/Nb Ã of the mafic magma types, i.e. a signature of highest crustal input. Nb/Nb Ã in the Khumib lavas extends to higher values, similar to the Tafelkop lavas, which in turn overlap the Tristan da Cunha and Horingbaai compositions. Thus there is a continuous trend of apparently increasing crustEEEsediment input extending from the Namibian ultra-alkaline intrusions through the high-Ti Khumib and Tafelkop types to the low-Ti Tafelberg magmas and the high-Ti and low-Ti silicic suites (Fig. 11a) . The Tristan samples also appear slightly offset towards lower Nb/Nb Ã compared with the compiled ocean island basalt (OIB) composition of Sun & McDonough (1989) and the ultraalkaline compositions. The Horingbaai dykes exhibit some variation of Nb/Nb Ã , but project close to the model N-MORB compositions (also seen in Fig. 10 ).
Eu/Eu Ã vs Sr systematics (Fig. 11b) illustrate the development in the Tafelberg (and some Esmeralda) magmas of negative Eu/Eu Ã anomalies, which are not, however, correlated with decreasing Sr. Similar negative Eu anomalies are not present in other Etendeka mafic types, nor the Tristan lavas (except some very fractionated trachytes). Although feldspar-dominated fractionation will produce negative Eu anomalies, reference to the upper-crustal and Global Subducting Sediment (GLOSS; Plank & Langmuir, 1998) compositions indicates that crustEEEsediment mixing or assimilation can also contribute to the development of such anomalies.
In summary, most aspects of the trace element geochemistry suggest possible, but variable extent of continental crustEEEsediment contributions to the Etendeka mafic magmas, the strongest input occurring in the compositionally very variable Tafelberg and Esmeralda basalts. This is certainly not a new observation, as previous workers identified crustal signatures in the Tafelberg magmas (e.g. Erlank et al., 1984; Ewart et al., 1998a) . Trace element signatures of sediment input are also apparent in the compositions of the Khumib, primitive Tafelkop, Horingbaai and Tristan magmas. In most previous work, these signatures have been attributed to crustal assimilation. Importantly, however, trace element data do not provide implicit information as to where and how these sediment signatures were acquired, whether it was by direct assimilation by the magmas, or inherited from their mantle source(s).
ISOTOPIC CHEMISTRY Sr and Nd isotope compositions
Initial NdEEESr isotopic compositions (corrected to 132 Ma) of the northern Etendeka rocks (Table 1) , together with relevant previously published data, are plotted in Fig. 12 . The Khumib and Tafelberg basalts define separate arrays with minimal overlap. Khumib compositions lie on the extension of the mantle array in the enriched quadrant, towards the field of the Paran a low-Ti potassic mafic rocks (Gibson et al., 1995a) . Only one sample has a significantly higher 87 Sr/ 86 Sr ratio. Milner & le Roex (1996) recognized the overlap of SrEEENd isotopic ratios between the Khumib compositions and Walvis Ridge DSDP Site 525A, as noted above.
The Tafelberg and Gramado magmas are very heterogeneous with regard to their Nd and Sr isotopic compositions, consistent with their variable trace element characteristics (Figs 10 and 11) . The Tafelberg compositions scatter in a broad flat array extending from the field of Esmeralda samples towards crustalEEEsediment compositions. Three samples, however, are notably displaced to lower 143 Nd/ 144 Nd ratios ( Fig. 12 ; crosses enclosed by circles). Very few mantle-derived magmas contain such unradiogenic Nd, but we note that our samples project towards the Gaussberg lamproite composition (calculated at 132 Ma from the isotopic composition of its inferred 2Á5 Ga source; Murphy et al., 2002) , and the Paran a low-Ti potassic mafic rocks. We attach particular significance to the fact that these three Tafelberg samples Ã anomalies in the mafic series excepting the low-Ti basalts. The Namibian and Paran a (field only) ultra-alkaline suites exhibit negative Eu/Eu Ã anomalies only in a very small number of samples. The high-Ti silicic series exhibit progressive Eu depletion, extending from the Khumib array, and into the more strongly Eu-depleted low-Ti quartz latites. The insets represent fractional crystallization vectors, as described in Fig. 10 caption. Symbols, model compositions, and data sources as in Fig. 10 key and caption. SCLM composition from McDonough (1990). have distinctive unradiogenic Pb isotopic compositions (see below).
As noted by Milner & le Roex (1996) , the NdEEESr isotope fields of the Tafelkop and Tristan basalts overlap with Walvis Ridge basalt compositions from Sites 527 and 528. One Tafelkop composition extends to lower 143 Nd/ 144 Nd ratios. This sample again is also characterized by a relatively unradiogenic Pb isotope composition (see below). The NdEEESr isotope compositions of the Horingbaai dykes are consistent with their E-MORB-like trace element chemistry. The isotopic compositions of the Namibian Cretaceous ultraalkaline rocks overlap with those of the Tafelkop and Tristan samples, but not the KhumibEEEUrubici array. In contrast, the compositions of the Paran a ultraalkaline igneous suites completely overlap all the Etendeka data that project within the mantle array.
Pb isotopes
New and previously published Pb isotope data for the Etendeka and Paran a are shown in Fig. 13 in relation to relevant reference points and evolution curves: the 132 Ma Geochron; the Erosion Mix (EM) growth curves of Kramers & Tolstikhin (1997) , serving as a proxy for upper-crustal erosion material; the Depleted Mantle (DM) growth curve of Kramers & Tolstikhin (1997) ; and the Lower Mantle growth curve of Kamber & Collerson (1999) . It should be noted that the present-day lower mantle (LM) curve of Kamber & Collerson (1999) is very similar to that of Galer & Goldstein (1996) . Pb isotope compositions, except for the Gramado samples (Paran a), have been recalculated to 132 Ma, using, where necessary for some previously published data, extrapolated U, Th and/or Pb concentrations from similar rock compositions.
Excluding data for the carbonatites and ultraalkaline rocks, the Paran aEEEEtendeka data define a broad array extending from left of the 132 Ma Geochron to near the t 0 termination of the EM growth curve (Fig. 13a) . Apart from the TafelbergEEE Gramado rocks and the low-Ti Paran a basalts described by Marques et al. (1999) , other samples plot almost entirely between the LM and DM growth curves. The Tafelberg, Gramado and the other Paran a low-Ti basalt compositions, with a few important exceptions (see below), lie between the LM and EM growth curves (also shown by 208 Pb/ 204 Pb data, Fig. 13d ), consistent with their crustEEEsediment signatures indicated by the trace element and NdEEESr isotope data. Added support for this is provided by the crustally contaminated Horingbaai and Tafelkop samples documented by Thompson et al. (2001) , which lie within the main Tafelberg field (but are omitted from Fig. 13 for clarity) . The 206 Pb/ 204 Pb ratios of low-Ti basalts from the southern Paran a overlap the main Tafelberg array, whereas the compositions of their northern Paran a high-Ti and low-Ti basalts are less radiogenic and lie closer to the Khumib array. Walvis Ridge samples plot between the Tristan and the KhumibEEEUrubici fields. Samples from DSDP Site 525A plot close to the KhumibEEEUrubici basalt field, but are separated by a clear compositional break from the samples of Sites 527 and 528 (Milner & le Roex, 1996) .
The most intriguing aspect of the Pb isotope data is the relatively unradiogenic 206 Pb/ 204 Pb ratios of the KhumibEEEUrubici rocks, and small subsets of the Tafelkop, Horingbaai, Florida and northern Paran a high-Ti basaltic samples, which lie close to and to the left of the 132 Ma Geochron, yet clearly above the DM growth curve in terms of 207 Pb/ 204 Pb. The unradiogenic 206 Pb/ 204 Pb compositions projecting to the left of the Geochron cannot be approximated by known 132 Ma crustal, upper-mantle, or plume mantle reservoirs (Kramers & Tolstikhin, 1997) , nor are they (Kamber & Collerson, 1999) , and their extrapolation to the inferred original Tristan plume compositions at 70 Ma (Walvis Ridge, DSDP 525A site age) and 132 Ma (Etendeka age). The extension of the Tristan array is calculated as a linear extrapolation between the DM curve and the HIMU extension of the LM evolution curve, first by a least-squares fit to the Tristan array, and second by constraining the DM composition at 132 Ma. The HIMU extension is calculated from two-stage LM Pb isotope evolution following an abrupt increase in m 2 accompanying the fractionation event terminating stage 1. This is backcalculated 150 Myr to allow for evolution and rise of the Tristan plume, based on Discovery Tablemount data, following Kamber & Collerson (1999) . The extension represents points of progressively increasing m 2 , trending towards HIMU compositions. The two calculated intersections of the Tristan data lie at approximately m 2 47, reducing to 35 when the data are forced through the 132 Ma point on the DM curve. These m 2 values are used to recalculate two sets of initial 206 Pb/ 204 Pb and 207 Pb 204 Pb ratios at both 70 Ma and 132 Ma.
typical of OIB ( Fig. 13a and d Pb/ 204 Pb plot (Fig. 14b) . Significance is also attached to the small number of Tafelberg samples exhibiting unradiogenic Pb isotope compositions that lie close to, and left of the 132 Ma Geochron. Their possible interpretation is considered below.
The Namibian and Paran a ultra-alkaline suites and carbonatites (Fig. 13b) extensively overlap the compositional fields of the Etendeka volcanics, being predominantly constrained between the LM and DM growth curves. The trend defined by the field of the modern Tristan da Cunha compositions (Fig. 13c) 206 Pb/ 204 Pb ratios of the Etendeka and equivalent Paran a mafic basalts, Tristan and Walvis Ridge compositions, the subset of unradiogenic Jacupiranga carbonatite (Brazil) compositions, and Namibian and Paran a ultra-alkaline suites. The low-Ti and high-Ti silicic compositions are represented as fields, the latter extending from the Khumib array. It should be noted that in (a), the Jacupiranga, KhumibEEEUrubiciEEETafelkop, Walvis Ridge, Tristan, and ultra-alkaline data define a linear array with increasingly radiogenic Sr correlating with increasingly unradiogenic Pb isotope compositions. In (b), a similar array is apparent, but excludes the KhumibEEEUrubici compositions, which project below the array. Symbols, data sources and mean compositions of GLOSS and Gaussberg as in Fig. 10 204 Pb space, spatial relations between the various Paran aEEEEtendeka rock suites are further complicated by the complexity of both Th/U ratios and time (Fig. 13d) . A scattered Khumib (Urubici)EEETafelberg array extends from the LM to the EM and Old Upper Crust (OUC) growth curves (from Kramers & Tolstikhin, 1997) . The Tafelkop and Horingbaai data are displaced to lower 208 Pb/ 204 Pb, defining two separate arrays extending from the DM and OUC growth curves. The Tafelkop array parallels that of the Khumib lavas but does not intersect it. If these represent mixing curves, the arrays trend towards the LM growth curves and their extensions would intersect this growth curve at Pb isotope compositions more unradiogenic than the KhumibEEEUrubici or Jacupiranga compositions.
The OIB field (Kamber & Collerson, 1999 ; outlined in Fig. 13a and d) shows that the unradiogenic Pb isotope compositions present in certain of the Etendeka mafic suites cannot be attributed to an unmodified OIB source. These unradiogenic Pb isotope compositions also plot away from compositions of crustgenerated melts, as shown by the OUC growth curve and the compositions of the low-Ti silicic volcanic suites (inferred to be dominantly crustal in origin; see Part 2, Ewart et al., 2003) .
The Pb isotope data of many suites of oceanic and continental basalts are more complex than the more tightly correlated NdEEESr isotope and trace element ratios. Provided that the complexity can be interpreted, Pb isotopes afford higher temporal resolution for the reconstruction of magma source histories. An important aspect of Pb isotope data shown by many provinces is an apparent decoupling from other isotope systems. Two reasons are suggested. First, although individual OIBs define strongly correlated Pb isotope mixing arrays, the correlations with Sr and Nd isotope compositions break down on a global scale. This may be because relatively limited Rb/Sr and Sm/Nd fractionation in ascending mantle plumes cannot greatly influence the Sr and Nd isotope compositions during the plume's lifetime. However, over the 4100 Myr lifetime of large-scale plumes, U/Pb fractionation, feasibly caused by CaSi-perovskite, may be capable of producing a spread of 206 Pb (not shown) . The overlap between the Tristan and Tafelkop data is considered significant. The isotopeEEEtrace element correlations are consistent with the interpretation by that the Esmeralda magmas developed by mixing between an asthenospheric melt (MORB-like) and a Gramado (Tafelberg)-type magma, followed by fractional crystallization.
PETROGENESIS Introduction
The major controversial question regarding Paran aEEEEtendeka petrogenesis concerns the relative contributions of plume, asthenosphere, SCLM and the continental crust to the origin of the mafic magmas (see references listed below). Nevertheless, a consensus has developed with regard to the role of the SCLM as the major source for a diverse range of high-Ti and low-Ti magmas, which may or may not include asthenospheric or plume contributions. Notable exceptions are the Horingbaai dykes with E-MORB-like character (considered asthenospheric by Erlank et al., 1984; Duncan et al., 1990; Thompson et al., 2001) ; the Tafelkop ferropicrites (considered as Tristan plumerelated; Milner & le Roex, 1996; Ewart et al., 1998a; Gibson et al., 2000) ; and the low-Ti suites for which models involving AFC processes in the crust have been proposed (e.g. Erlank et al., 1984; Bellieni et al., 1986; Ewart et al., 1998a) . The attraction of the SCLM as a primary magma source in the Paran aEEEEtendeka Province and other continental flood basalt provinces, such as the Karoo, is its potential to act as an ancient, stagnant and major element depleted mantle reservoir, able to accumulatè evolved' isotopic signatures over time, periodically enhanced by repeated episodes of metasomatic enrichment, carbonation, halogenation and hydration (e.g. Hawkesworth et al., 1983 Hawkesworth et al., , 1984 Hawkesworth et al., , 1992 Hawkesworth et al., , 1999 Erlank et al., 1984; Piccirillo et al., 1989; Ellam & Cox, 1991; Hergt et al., 1991; Turner & Hawkesworth, 1995; Peate, 1997; Marques et al., 1999) . The SCLM is accordingly frequently referred to as heterogeneous (particularly in terms of trace element and isotope chemistry) and variably metasomatized. As the diverse Paran aEEEEtendeka mafic magmas, and those of many other continental flood basalt provinces, differ chemically from OIB and MORB, it is inferred that they originated from a distinct magma source not present within the oceanic mantle (e.g. Turner & Hawkesworth, 1995; Peate, 1997) . This view, however, may require modification in the light of results from more recent studies on oceanic plateaux, especially Ontong Java (Neal et al., 1997; Collerson et al., 2000) .
Evidence for the existence of metasomatically enriched SCLM was initially recognized in kimberlite xenoliths. Hawkesworth et al. (1983 Hawkesworth et al. ( , 1984 and Erlank et al. (1984) provided detailed discussions of the inferred relevance of such xenoliths to the petrogenesis of the Etendeka and Karoo flood basalts, including the various styles of enrichment common to both xenoliths and volcanic rocks [see review by Menzies (1992) ]. Erlank et al. (1984) recognized the broadly subduction-related geochemical signatures of the lowTi mafic rocks and discussed in detail the different possible metasomatic enrichment processes responsible. These included metasomatism by fluids emanating continuously from the deep mantle, veining by smallvolume partial melts, and metasomatism by fluids generated in ancient subduction environments. They concluded that there was no compelling evidence for the last alternative. In contrast, Hawkesworth et al. (1984) , dealing with a wider dataset, including representative Karoo basalts, advocated an introduced Proterozoic subduction component into the southern African SCLM. Some researchers, however, have questioned the reality of large volumes of mafic magma being derived from cool, refractory SCLM (e.g. McKenzie & Bickle, 1988; Campbell & Griffiths, 1990; Arndt & Christensen, 1992; Menzies, 1992; Arndt et al., 1993) . Some of these objections were addressed by in terms of melting of amphibole-bearing SCLM in the presence of H 2 O CO 2 .
In the CretaceousEEEJurassic igneous suites of southern Africa and South America, the SCLM has been credited as the dominant, or even only source for a remarkable range of magma compositions. An abbreviated listing includes:
(1) the regional low-Ti/Y Paran aEEEEtendeka tholeiitic series Piccirillo et al., 1988b Piccirillo et al., , 1989 Peate, 1997; Hawkesworth et al., 1999) , including the Paran a Gramado series (modified by crustal contamination; , the northern Paran a tholeiites , the Jurassic regional Karoo tholeiites , and the regional Jurassic and Cretaceous low-Ti flood basalts of the wider Gondwanaland provinces (Hergt et al., 1991; compare Hergt et al., 1989) ;
(2) the high-Ti/Y Paran a Urubici magmas ; (3) alkaline and ultramafic lamprophyres and carbonatites in certain alkaline Namibian Damaraland central complexes (le Roex & Lanyon, 1998); (4) Brazilian Jacupiranga carbonatites, which were interpreted as being derived from`similar mantle source regions' to the high-Ti Paran a and Walvis Ridge basalts (Huang et al., 1995) , although we note that Toyoda et al. (1994) preferred an`asthenospheric mantle plume' source for carbonatites of southeastern Brazil;
(5) the potassic silica-undersaturated and -saturated maficEEEintermediate dykes of eastern Paraguay (Comin-Chiaramonti et al., 1992) ; (6) magnesian potassicEEEultrapotassic and associated carbonatitic extrusives and intrusives emplaced extensively along the Paran a Basin margins during late and early Cretaceous (Gibson et al., 1995a (Gibson et al., , 1995b Carlson et al., 1996) . In the case of the Serra do Mar complexes, Thompson et al. (1998) proposed a sub-lithospheric convecting mantle source with`sporadic input from lithospheric metasomites'.
The above listing highlights the extreme range of magma compositions, and their wide range of isotopic compositions, advocated as originating in the SCLM. Also of note is the wide range in scale of magma generation that is believed to have taken place in the SCLM, from smaller volume carbonatites to flood basalt sequences exceeding 10 6 km 3 in volume, all within the JurassicEEELate Cretaceous time period. We seriously question whether constraints exist to justify the ability of SCLM to be compositionally diverse enough, in sufficient volumes, to act as the source of all the magmas in question.
The data presented in this paper add nothing new to arguments supporting the major role of the SCLM in Paran aEEEEtendeka magmatism. Instead, we offer an alternative model for debate, one that explores a sublithospheric origin for the mafic magmas. This specifically involves interaction between the Tristan plume, convecting asthenosphere, and a component derived from subducted material stored in (or above) the Transition Zone. Interpretations are, however, potentially complicated by variable degrees of SCLM and crustal interaction that are likely to have occurred.
Khumib basalts General considerations
There are five relevant aspects to the petrogenesis of the Khumib lavas:
(1) they are interbedded with low-Ti Tafelberg lavas throughout the northern Etendeka.
(2) Most samples have been modified by fractional crystallization (e.g. wt % MgO 55Á5%, excepting the basal MgO-rich flows). Isotopic evidence for crustal assimilation is minimal, with a single exception (Figs 12EEE15 Pb/ 204 Pb plots, the Khumib compositions project above the DM and close to the LM growth curves (Fig. 13a and d) . Khumib basalts clearly have Pb isotopic compositions that are atypical of magmas derived from asthenosphere, plume or OIB sources. Comparable compositions have been reported in lamproites (Murphy et al., 2002) , Pitcairn lavas (Eisele et al., 2002) , some carbonatites (e.g. Jacupiranga, Toyoda et al., 1994) and related ultra-alkaline suites from southern Brazil (Carlson et al., 1996) , minettes from Schirmacher Oasis in East Antarctica (Hoch et al., 2001) , in certain Archaean lower-crustal granulites (e.g. Rudnick & Goldstein, 1990) , and in the oceanic environments of the Walvis Ridge and the southern Mid-Atlantic Ridge (see below).
U/Pb and Th/Pb ratios in Khumib rocks ( 204 Pb ratios imply a two-stage evolution (over extended periods of time), first in a high U/Pb environment followed by a low U/Pb stage. This is traditionally thought to occur in the SCLM [see review by Murphy et al. (2003) ], where high 207 Pb/ 204 Pb is interpreted to be derived by fluids from subducted sediments followed by a long, low U/Pb evolution in the stable SCLM (see, e.g. Hergt et al., 1991; Hoch et al., 2001) . Another possible source for unradiogenic Pb is ancient lower crust (see Zartman & Haines, 1988; Kramers & Tolstikhin, 1997; Thompson et al., 2001) . Compilations of the Pb isotope compositions of lower-crustal xenoliths show that samples with Pb isotope compositions less radiogenic than the Geochron characterize certain Archaean xenoliths that have suffered metamorphic U loss. The majority of xenoliths, however, have Pb isotope compositions more radiogenic than the Geochron (Murphy et al., 2003) .
With regard to the South Atlantic, the existence of relatively unradiogenic Pb isotope compositions in the Walvis Ridge Site 525A oceanic basalts is very important. These compositions overlap those of the Khumib rocks, but the lack of Archaean lower crust or an ancient SCLM keel beneath the Walvis Ridge clearly argues for a sub-lithospheric origin of the unradiogenic Pb. Those advocating an SCLM source to account for these distinctive Pb isotope compositions have proposed that delamination of the continental lithosphere during continental rifting has allowed lithospheric contamination of the source of some Walvis Ridge basalts, specifically those from Site 525A (Milner & le Roex, 1996) . We suggest this to be unlikely. Further insight on their origin can be gained from the occurrence of the unradiogenic 206 Pb/ 204 Pb and 208 Pb/ 204 Pb compositions of the very localized LOMU basalts associated with the southern Mid-Atlantic Ridge (Douglass et al., 1999; Kamenetsky et al., 2001 Sr ratios, and are associated with mantle plumes, specifically the off-ridge Discovery and the ridge-centred Shona mantle plumes (Douglass et al., 1999) , and also near the Bouvet Triple Junction (Kamenetsky et al., 2001) . In keeping with the conventional models, their occurrences have been attributed to SCLM and lower-crustal delamination during Gondwana breakup by these researchers. We suggest that their widespread and localized occurrences, especially near the Mid-Atlantic Ridge and an associated triple junction, almost certainly require a sublithospheric reservoir, sampled occasionally by deep mantle upwellings. Unradiogenic oceanic Pb is not restricted to the Atlantic but has also been reported, for example, from the Indian Ocean (e.g. Mahoney et al., 1996) .
When continental Pb isotope signatures were initially recognized in apparently uncontaminated basalts (e.g. Hergt et al., 1989 Hergt et al., , 1991 , higher resolution tomographic images of the mantle were not available and the presence of subducted material in the deep mantle was not widely accepted (but see Ringwood, 1991) . The SCLM was therefore identified as the logical source of such Pb, and transport of continental Pb into the lithospheric mantle was inferred to occur via fluid migration from subducted slabs with a sedimentary veneer (e.g. Hoch et al., 2001) . With modern seismic tomography, however, it is now recognized that subduction and storage of slabs in the deep mantle, especially the Transition Zone, does occur (e.g. van der Hilst et al., 1991; van der Hilst & Seno, 1993; Christensen, 1996; Simons et al., 1999; Fukao et al., 2001) .
In response to this changing chemical geodynamic picture of the mantle, Murphy et al. (2002) proposed a model in which comparable Pb isotopic compositions, sampled by the Gaussberg lamproites, were stored in the deep mantle rather than the lithosphere. Specifically for the Gaussberg lavas, Murphy et al. (2002) modelled the isotope data in terms of subducted sediment stored in the Transition Zone for 2EEE3 Gyr. Their proposed two-stage evolution model therefore requires: (1) that enhanced 207 Pb/ 204 Pb ratios be inherited from an ancient crustal source; (2) subsequent evolution of this crustal source, with reduced m, slowing isotope evolution. The reduced m is attributed to metamorphism accompanying subduction (UEEEPb partitioning by, for example, K-hollandite; Irifune et al., 1994) . In an extension of this model, Murphy et al. (2003) considered the wider case of melting of a subducted slab with both sediment and MORB (eclogite) to explain the range of Pb isotopic compositions of a wider spectrum of alkaline magmas. Younger sediment components result in more radiogenic 206 Pb/ 204 Pb compositions in their two-stage model, and variable U/Pb fractionation during subduction is an additional parameter. Eisele et al. (2002; compare Gasperini et al., 2000) have also proposed a minor recycled 0Á7EEE1Á9 Ga continental crustal component in the source of the oceanic Pitcairn lavas, mixed with a depleted mantle component, to explain the observed unradiogenic 206 Pb/ 204 Pb and high 208 Pb/ 204 Pb ratios. The existence of Walvis Ridge DSDP Site 525A oceanic basalts ( $70 Ma) confirms that Walvis RidgeEEEEtendeka magmas had been able to access an unradiogenic Pb isotope source for at least 60 Myr. This period is significantly extended to 4100 Myr by the above-noted LOMU occurrences near the southern Mid-Atlantic Ridge.
Trace elements
N-MORB-normalized multi-element plots (Fig. 8 ) exhibit enhanced concentrations of Pb and Ba, but depleted abundances of Sr, Nb and Ta. When normalized to GLOSS (Fig. 16a) , enhanced abundances of Nb, Ta, AESr, AEZr and Ti are evident, with depleted abundances of Cs, U, Pb AE Th. The same compositions normalized to the Tristan da Cunha sample 11 898 (Appendix , Table A1 ; Fig. 16b ) indicate Ba and Pb peaks, marked Ta and Ti depletions, and small depletions of Nb and Cs. We regard these enrichment or , Table A1 ). In (a) the Pb, U, K, Th and Cs (Khumib only) depletions should be noted, whereas in (b) Pb, Ba, K and Cs (Tafelberg only) spikes are apparent, with marked Nb AE Ta depletions. depletion patterns as supportive of an actual metasedimentary source (albeit modified by subduction metamorphism) rather than selective fertilization of a lithospheric source in certain elements (e.g. Pb) .
Relative to GLOSS, observed depletion of especially Cs, U and Pb is suggested to be consistent with a subduction signature, as these elements are known to be lost during slab dehydration (e.g. Brenan et al., 1994 Brenan et al., , 1995a Brenan et al., , 1995b Becker et al., 2000) . They are not consistent with simple continental crust contamination. The NbEEETa depletion relative to N-MORB contrasts with NbEEETa enrichment relative to GLOSS. The Nb/Ta ratios (18Á2EEE23Á4) of the two Khumib samples analysed by ICP-MS (Tables 1 and 3 ) are relatively high (consistent with the high Nb/Ta ratios of the associated high-Ti silicic volcanic units; see Part 2, Ewart et al., 2003) . The reported Nb/Ta ratios of the Urubici samples are significantly lower than the Khumib data, but were analysed by a different technique. High Nb/Ta ratios may develop in the slab during slab dehydration (e.g. Kamber & Collerson, 2000a; Tang & Liu, 2002) . During slab subduction and accompanying dehydration and metamorphism of sediment MORB oceanic crust, concentrations of LILE, HFSE and LREE will be dominated by the sediment component relative to MORB. This will be most critical for Pb, but less so for Sr (important in resulting isotopic compositions), as verified by simple mixing calculations using, for example, the altered MORB data of Becker et al. (2000) .
The presence of a sedimentary component in the Khumib basalts is consistent with various trace element parameters (e.g. Nb/Nb Ã , Ce/Pb, Sr/Pb, Th/ Nb) and correlated with Sr and Nd isotope compositions (e.g. Figs 10, 11 and 15; Table 3 ). As previously noted, however, the Khumib lavas also exhibit certain geochemical similarities to the Tristan da Cunha lavas, whose possible significance is discussed below.
The above interpretations imply sub-lithospheric, high-pressure phase equilibria controls on magma compositions. One indication of this is the behaviour of La, Sr and Yb (Fig. 17a) . Sr abundances are sensitive to lower-pressure fractionation of plagioclasebearing (gabbroic) mineral assemblages, whereas Yb should be buffered by eclogite and garnetite (majorite) assemblages. Complications can arise, however, from potential Sr partitioning into K-hollandite and Caperovskite (Ringwood et al., 1992; Irifune et al., 1994; Stachel et al., 2000; Taura et al., 2001) . Considering the whole range of magma compositions represented in the Paran aEEEEtendeka Province, including the ultraalkaline types, Fig. 17a does suggest the existence of two trends. One is the steeper trend towards higher La/ Sr ratios defined by the low-Ti TafelbergEEEEsmeralda basalts, the high-Ti and low-Ti silicic rocks (see Ewart et al., 2003) , and a small number of more strongly fractionated compositions (i.e. lowest wt % MgO concentrations) within the Khumib and Urubici lavas. This is suggested to reflect lower-pressure plagioclasecontrolled fractionation, with or without crustal assimilation. The second trend is a shallow trend extending to high La/Yb ratios, defined by the broad array extending through the Horingbaai, Tafelkop, Khumib and Tristan basalts, continuing to the Namibian and Paran a lamproiticEkimberlite and the related alkaline rocks. We interpret this shallow trend as reflecting sublithospheric or deep lithospheric, higher-pressure phase equilibria in the presence of garnet (majorite). A lower-mantle and sub-lithospheric origin has been proposed for OIB and lamproiticEkimberlite magmas, respectively (e.g. Ringwood et al., 1992; Kamber & Collerson, 1999 , 2000a , 2000b , and references therein; Collerson et al., 2000; Stachel et al., 2000; Murphy et al., 2002) . If these views are correct, then the observed shallow La/Yb trend, leading to high La/Yb ratios, is consistent with sub-lithospheric phase control.
Tafelberg basalts
In this section we consider the combined data for the Tafelberg basalts of both the southern and northern Etendeka. The following aspects are considered petrogenetically significant.
(1) The Tafelberg suite is compositionally very variable as illustrated by its range in trace element abundances and isotopic compositions (e.g. Figs 10EEE13 ). There is general agreement that lowpressure fractional crystallization, with or without crustal contamination, in which plagioclase is a dominant fractionating phase (e.g. Fig. 11b) , is an important process in the origin of the Tafelberg basalts Ewart et al., 1998a) .
(2) Erlank et al. (1984) showed that the full range of initial 87 Sr/ 86 Sr ratios occurs in both the most primitive and evolved Tafelberg basalts (see also Fig. 9 ), i.e. the parental magmas had very variable Sr isotopic compositions. reported comparable features for the Gramado series, and identified groups of samples showing little or no evidence for crustal contamination. These have initial 87 Sr/ 86 Sr ratios of $0Á710 (Caxias do Sul) and $0Á708 (São Joaquim), interpreted in terms of two-stage development of the Gramado magmas, the initial stage attributed to a lithospheric, early crustal contamination phase.
(3) In trace element and SrEEENd isotope plots, the Tafelberg data lie away from the main mantle arrays (e.g. Figs 10 and 12) , extending from near the mantle array into crustal compositional fields.
(4) Although the majority of Tafelberg rocks have relatively radiogenic Pb and Sr and unradiogenic Nd isotope compositions, four samples exhibit unradiogenic 206 Pb/ 204 Pb ratios (Table 1) and lie close to, or to the left of the 132 Ma Geochron in Pb isotope plots (Figs 13 and 14) . Marques et al. (1999) have reported similar, but not as strongly unradiogenic 206 Pb/ 204 Pb compositions for low-Ti basalts from northern Paran a (Fig. 13a) . The unradiogenic 206 Pb/ 204 Pb Tafelberg samples, nevertheless, have Sr and Nd isotopic compositions that overlap those of the main Tafelberg array. We suggest that these samples may preserve geochemical signatures predating any Tafelberg magma interaction with continental crust (AESCLM). This possibility receives support from the trace element and isotope compositions of the unradiogenic Pb isotopic samples, which, except for the evolved sample (KLS662), lie displaced from the crustal compositions (e.g. Figs 10, 12 and 14) . Their initial 87 Sr/ 86 Sr ratios lie between 0Á7076 and 0Á7078 (0Á7087 for the evolved sample), similar to Sr isotope compositions of the`primitive' Gramado rocks of the Paran a [see (2) above].
Tafelberg multi-element plots (Figs 8 and 16 ) show similar, but more strongly developed trace element depletionEEEenrichment patterns to the Khumib rocks. Relative to GLOSS (Fig. 16a) , Nb, Ta, AESr, AEZr, Ti are enriched and U and Pb depleted, with Cs behaviour variable between samples. Tafelberg basalts differ considerably from Tristan lavas in their incompatible element abundances, more so than the Khumib samples (Figs. 16b) , and this is consistent with other trace element and isotope data (Figs 10, 11, 12 and 15) .
The majority of the Tafelberg suite samples possess geochemical signatures indicative of a strong crustalEEE sediment component in their petrogenesis as illustrated by Nb/Nb Ã ratios ( Hergt et al., 1989) . If correct, we suggest that this occurred during upwelling of the Tristan plume. The Tafelberg magmas represent the most voluminous volcanic phase within the southern Etendeka region, presumably maximizing the potential for mixing between sub-lithospheric mantle domains. It is nevertheless clear that extensive overprinting by crustal contamination has occurred.
Distinguishing crustal contamination from deeper mantle mixing or assimilation of recycled subducted sediment is not straightforward. Pb isotope data are critical in this regard but the GLOSS-normalized compositions (Fig. 16 ) suggest that Cs, U, Sr and Pb may offer the potential to distinguish between the two processes. Fractionation between Sr, Cs, U and Pb differs between mantle, crust and subduction meltingEEE crystallization processes (e.g. Brenan et al., 1994 Brenan et al., , 1995a Brenan et al., , 1995b Irifune et al., 1994; Stachel et al., 2000; Taura et al., 2001) . Sr/Cs vs Pb/Cs ratios (Fig. 17b , noting the paucity of Cs data and the possible posteruptive mobility of Cs) suggest two trends defining mantle and crustal arrays. The former is defined by the Paran a ultra-alkaline rocks, Tristan, OIB and MORB compositions, the high-Ti lavas from northern Paran a and the KhumibEEE Urubici suite. This is designated as a sub-lithospheric source trend. The second trend, inferred to define a crustal fractionation and crustal contamination trend, contains most of the Tafelberg, Esmeralda, southern Paran a low-Ti samples and the silicic eruptive units (see Ewart et al., 2003) . The Tafelberg samples with unradiogenic Pb isotope compositions scatter across the two trends. We suggest that the Cs, Pb and Sr geochemistry of the Tafelberg, and the Gramado and low-Ti basalts of the Paran a reflects their complex history, including inherited sub-lithospheric source characteristics and the superimposed signatures of crustal contamination.
A model for Paran aEEEEtendeka magmatism
Plume ascent driven by thermal buoyancy will entrain surrounding mantle with relatively uncontaminated material preserved in the plume axis (e.g. Campbell & Griffiths, 1990 Griffiths & Campbell, 1990 , 1991 . Following Campbell & Griffiths, we envisage that: (1) the magnitude of the Paran aEEEEtendeka volcanism, together with tomographic evidence (Romanowicz & Gung, 2002) , indicates that the Tristan plume probably emanates from the lower mantle; (2) entrainment of ambient mantle material during plume ascent and cooling results in compositional zoning within the plume head, which increases in volume with progressive entrainment, accompanied by stirring (but not mixing) of plume head components; (3) continued ascent of the plume initiates progressive adiabatic melting as the various entrained materials pass through their respective solidi, allowing varying degrees of mixing of the partial melts; (4) the plume head mushrooms as it impacts the base of the lithosphere, where it may induce thermal erosion.
If the Paran aEEEEtendeka mafic magmas are fundamentally plume-derived, then their different compositions could reflect mixing, in varying proportions, of partial melts of the different mantle components within the plume head. Plausible mantle components include the Tristan plume (lower mantle), convecting and depleted upper mantle (MORB-source), stored subducted slab components in the Transition Zone, and the SCLM. Thus, not only is the initial Tristan plume the thermal source, but we believe it contributes materially as well (White et al., 1987; White & McKenzie, 1989) . This is contrary to the views of Turner et al. (1996) and Peate (1997) , who regard the Tristan plume as having played a largely passive role, providing only heat for lithospheric mantle melting.
Subducted slabs stored within the Transition Zone are expected to exist as discontinuous lensoid masses within the Transition Zone space, representing a compositionally variable mantle reservoir (Ringwood, 1991; Collerson et al., 2000) . Geological observations suggest phases of subduction beneath the Namibian and southeastern Brazilian crust during the Early and Late Proterozoic and Archaean (e.g. Miller, 1983; Becker et al., 1996; Machado et al., 1996; Teixeira et al., 1996; Seth et al., 1998) . Majorite, K-hollandite, CaSiO 3 perovskite, a CAS phase, and stishovite (Irifune et al., 1994) , plus MORB eclogitic assemblages, are expected to be present in subducted sediment and mixed sedimentEEEMORB phase assemblages. We suggest that entrainment of pre-existing slab components occurred in the Transition Zone, during plume ascent, with additional incorporation of shallow depleted upper mantle occurring during continued ascent. The plume head may therefore have evolved into an incompletely mixed, three-component system prior to impacting the base of the SCLM. Additional compositional heterogeneities may arise when melts derived from this three-component system pass through the SCLM and the continental crust. The Pb isotope compositions of the modern Tristan da Cunha lavas are consistent with the presence of a depleted uppermantle component in the plume (see above), whereas plumeEEEMORB source mixing has been proposed to explain the compositions of the Walvis Ridge Sites 527 and 528 basalts (Humphris & Thompson, 1983) .
The possible importance of the convecting asthenosphere as a major source of continental flood basalts has been emphasized by previous workers, for example, Ellam & Cox (1991) and Gibson et al. (1995a) . A characteristic aspect of the Paran aEEEEtendeka Province, and indeed of the wider Gondwanaland JurassicEEE Cretaceous provinces, is the existence, distribution and significance of coexisting`high-Ti' and`low-Ti' magma types, which occur over wide areas. As noted by Turner et al. (1994) , chemically defined magma types seem to have been erupted at different times in different places. Their regional occurrences have been referred to as`geochemical provinces', and attributed to large-scale SCLM heterogeneities (e.g. Duncan, 1987; Cox, 1988; Piccirillo et al., 1989; Gibson et al., 1995a; .
To gain insight into the petrogenetic processes operating within the plume model outlined above, we present a series of mixing scenarios involving melts representing the following assumed end-members:
(1) N-MORB (data after Sun et al., 1979; Sun & McDonough, 1989) ; (2) modern Tristan da Cunha (plume) compositions, using only lavas with 46Á0 wt % MgO (data sources as listed above); (3) melts derived from recycled subducted sedimentEEEMORB component, specifically based on the Gaussberg lamproites (Murphy et al., 2002) ; (4) pre-subduction sediments based on GLOSS (Plank & Langmuir, 1998) , also representing a composite upper-crustal composition. Although mixing of the different source materials within the expanding plume may be possible, we argue for the presence and mixing of the derived, but compositionally different melts. We suggest this receives support from melt inclusion studies (e.g. Saal et al., 1998) . Therefore, the mixing calculations use observed magma compositions for the proposed mantle end-members and an average sediment proxy for the crustal contaminant.
With regard to the plume component, we note the arguments of Gibson et al. (1995a) for using a magnesian`oceanic plume magma', which they considered to be more representative of plume head magmas (e.g. the relatively localized southern Etendeka Tafelkop type). In view of the scale of magmatism, and the sublithospheric depths at which we argue magma mixing had occurred, we prefer to use the modern Tristan compositions.
The melt derived from the proposed recycled subducted sedimentEEEMORB component is modelled on the relatively homogeneous Gaussberg lamproite lavas. These have been interpreted as melts derived from an ancient (2EEE3 Ga) sediment-dominated subducted slab component, with partial re-equilibration with enclosed mantle, stored in the Transition Zone (Murphy et al., 2002 (Murphy et al., , 2003 ; see also Eisele et al., 2002) . This represents a very distinctive composition not observed in the spectrum of continental sediments. The reasons for its choice are: (1) lamproites represent magmas derived from sources which, with one exception, exhibit unradiogenic 206 Pb/ 204 Pb, 208 Pb/ 204 Pb, and usually enhanced 207 Pb/ 204 Pb ratios, which plot to the left of the Geochron (Murphy et al., 2002 (Murphy et al., , 2003 ; (2) the Gaussberg lamproites are fresh and relatively young lavas that are chemically relatively homogeneous, exhibit minimal evidence for crustal contamination, and for which new and comprehensive major and trace element and isotopic data are available; (3) the Gaussberg lavas exhibit very similar Nb, Ta, Cs, Ba, U and Pb abundance patterns, relative to N-MORB and GLOSS, as seen (to variable degrees) in the Etendeka high-Ti and most low-Ti basaltic types, which are attributed to subduction metamorphism; (4) plausible histories have been modelled for the isotopic evolution of the Gaussberg source (Murphy et al., 2002) .
We use GLOSS (Plank & Langmuir, 1998) as a proxy for evaluating the effects of crustal contamination. A global sediment average was preferred over a modelled local crustal average because GLOSS is an actual observed composition based on a large number of comprehensive datasets. The Etendeka crustal column is expected to exhibit significant regional, lithological and temporal variation, for which few geochemical data exist, and some of which may extend outside the modelled chemical space.
Mixing calculations, based on the four end-member compositions defined above, are illustrated in Fig. 18aEEEf , based on selected element ratio and element-isotope ratio combinations. General observations arising from the mixing calculations (which are not confined to the combinations of parameters plotted in Fig. 18 ), include the following.
(1) The disparity in LREE, LILE and HFSE abundances between end-members is such that the compositions of N-MORB melts are very sensitive to even very small (1EEE5 wt %) inputs of the other end-member components. This is illustrated by`sediment signature' parameters such as Nb/Nb Ã , Nd/Pb and La/Nb (Fig. 18cEEEe) .
(2) Trace element and NdEEESr isotope compositions suggest that the various Paran aEEEEtendeka magma types considered in this paper (TafelbergEEEGramado, KhumibEEEUrubici, Tafelkop, Horingbaai, Florida) can be plausibly modelled, to a first approximation, in terms of the four components shown (Fig. 18) . In fact, the mixing models provide an explanation for their trace element and isotopic characteristics without the necessity to invoke SCLM.
(3) The mixing calculations suggest a possiblè magma-genic' explanation for the existence of highTi and low-Ti magma types. Magmas with relatively high proportions of the Tristan plume component, and consequently smaller input of N-MORB, have inherently higher Ti/Y ratios. The reverse is true in low-Ti magma types. Such an explanation seems to receive support from the wide range of Ti/Y ratios within the Paran aEEEEtendeka Province when the Pitanga, Paranapanema and Ribeira magma types of the northern Paran a are taken into account (Peate, 1997; Fig. 18d ).
(4) The Gaussberg rocks have NdEEESr isotope compositions at 132 Ma that are appropriate as a potential sediment end-member for the KhumibEEEUrubici magmas (Fig. 18a) . This does not strictly apply to the Pb isotope data, where the KhumibEEEUrubici samples extend to less radiogenic 206 Pb/ 204 Pb and 207 Pb/ 204 Pb compositions than those observed at Gaussberg (e.g. Fig. 18f ). Applying the same calculation procedures as outlined by Murphy et al. (2002;  fig. 5 
SUMMARY AND CONCLUSIONS
We present a new interpretation for the diversity of magma chemistries and isotope compositions of mafic lavas in the Etendeka. The new model operates with three sub-lithospheric magma types (N-MORB, Tristan OIB and lamproite) and a crustal contaminant. Given the complexity of magma chemistries, it is not our intention to attempt to provide a unique model. Rather, we illustrate, to a first approximation, the feasibility of matching observed trace element and isotope characteristics of the various basaltic magma types without a lithospheric magma source. The marked disparity in element concentration ranges in the assumed end-members produces differing geometries of the fields defined both by the mixing curves and by the projected compositional fields of each basalt type, often with only small changes in degrees of mixing. Summarizing the above data and mixing models, we consider more specifically each magma type below and suggest very approximate proportions at which the end-member components may be present. This is based only on the trace element and isotope data, and does not consider bulk compositional balances. The variations in the estimated proportions of the various end-member components reflect the inherent variation within each of the basalt types in respect to the element parameters plotted.
KhumibEEEUrubici type. We interpret the data to indicate that this magma type comprises a predominant plume component ( $45EEE75%) with subordinate N-MORB ( $5EEE10%) and recycled subducted sediment (MORB) components ( $20EEE40%), the sediment component having compositional attributes similar to the Gaussberg lamproites (e.g. Fig. 18a, b and d) . The dominance of the inferred plume component appears to be consistent with the distribution of the outcrop of the UrubiciEEEKhumib lavas, which are effectively bisected by the zone of incipient splitting along the proto-Atlantic rift, according to the pre-drift reconstruction of Peate et al. (1999, fig. 2 ). This suggests that these magmas developed above the axis of the plume head where the Tristan magma composition was best represented. The inferred presence of a major plume component provides one possible answer to the enigma (see Introduction) that there had been no plume-related magma previously recognized within the northern Etendeka, in spite of the intersection of the Walvis Ridge plume trace with the northern Etendeka coast.
TafelbergEEEGramado type. This strongly heterogeneous, low-Ti magma type is less enriched in a range of incompatible elements compared with the Khumib magmas, and also possesses a strong crustalEEEsediment trace element signature. This suggests significant N-MORB input ( $5EEE55%), with subordinate subducted sediment ( $2EEE20%) and plume ( $2EEE25%) components in the magmas. In the Etendeka, the Tafelberg basalts dominate away from the Walvis Ridge, and therefore feasibly emanated from the more peripheral parts of the plume head where the Tristan component was lessened by the increased entrainment of asthenospheric mantle and sediment components. The inferred sediment component is clearly biased towards the GLOSS-type composition ( $20EEE80%) and plausibly reflects overprinting by crustal contamination of many of these magma compositions. As discussed above, the presence of a subordinate Gaussberg-type component is suggested by unradiogenic Pb isotope compositions preserved within a small number of samples.
Esmeralda type. concluded that these magmas represent mixing between asthenospheric (MORB) melt and Gramado (Tafelberg) type magma at relatively shallow (crustal) depths, with superimposed fractional crystallization. Our data are consistent in showing the overlap between the Tafelberg and Esmeralda magma types and appear generally consistent with the above model. The mixing plots suggest N-MORB input of $60EEE90%, GLOSS-type sediment input of $10EEE 30%, and 10% input of Gaussberg or Tristan components.
Horingbaai type. Data discussed here are consistent with the strong E-MORB-like characteristics of these magmas Thompson et al., 2001) , with a source within the convecting asthenosphere. The N-MORB component is suggested to be in the range 85 to 495%, with 55EEE15% of the Tristan component. As discussed by Thompson et al. (2001) , some samples exhibit evidence for crustal contamination, which could explain some of the spread of composition (e.g. Figs 10 and 18) , even though samples with the most pronounced crustal contamination signatures were excluded from the plots. We note unradiogenic Pb isotopic compositions within three samples ( Fig. 13 ; Erlank et al., 1984) , indicating, from our previous interpretations, the presence of a very minor subducted ancient sediment component, possibly 2% (e.g. Fig. 18d) . Duncan et al. (1990) and Thompson et al. (2001) have proposed a model for these magmas of decompression melting during advanced stages of lithospheric thinning.
Tafelkop type. Ewart et al. (1998a) identified these as predominantly mantle plume related magmas, specifically associated with the Tristan plume. Gibson et al. (2000) , emphasizing their Fe-rich and picritic chemistry, considered them to represent decompression melting of Fe-rich`streaks' within the mantle plume starting-head. Although the samples exhibiting the strongest indications of crustal contamination (Thompson et al., 2001) have been excluded from the various plots used in this work, the Tafelkop series show significant isotopic variation. The trace element and isotopic data suggest affinities with both Tristan da Cunha and KhumibEEEUrubici compositions. We infer a major Tristan plume ( $25EEE75%) component with N-MORB ( $10EEE50%) and a minor subducted sediment component ( $53EEE15%) in this magma type. We suggest that the latter is supported by the unradiogenic 206 Pb/ 204 Pb composition in one of the samples (97SB73; Gibson et al., 2000) , in line with arguments given above.
We argue that this new interpretation of the Etendeka magma types, and, by analogy, the equivalent Paran a magma types, provides a plausible alternative to the conventional SCLM model. We have not attempted to include an SCLM component as an end-member, to demonstrate that sub-lithospheric sources alone can account for the diversity of observed trace element chemistries and isotopic compositions in the lavas. In reality, it is likely that upon thermal erosion, some degree of SCLM melting would occur. The refractory SCLM material is thought, however, to contribute minimally to the lithophile element abundances and isotope compositions modelled here, but is expected to affect compatible element abundances and Os isotope compositions. Os isotope data have been interpreted to support a lithospheric mantle source`variably depleted in Re' for ultra-alkaline magmas in the Paran a region (Carlson et al., 1996) , whereas Ellam et al. (1992) interpreted Os isotopic data for the picrites within the Mwenezi region of the Jurassic Karoo province of southern Africa as supporting mixing of an enriched SCLM component with a highly depleted, plume-derived,`ultra-MORB magma'. Although unradiogenic Os isotope ratios may provide an effective way of recognizing SCLM components in magmas, it is not clear, given the frequently proposed heterogeneity of the SLCM, to what extent the Os isotope data can quantitatively constrain the SCLM contributions.
Proposed enriched SCLM components have feasibly contributed to the chemical and isotopic diversity of Etendeka magmas. It is, however, the relative importance of metasomatized, enriched and isotopically extreme SCLM components that we question. We suggest that the role of such components has been greatly over-emphasized in the past, one reason being that, until recently, it was not considered geodynamically feasible for the source of chemical and isotopic provinciality to exist in the deeper mantle. The previously noted relationship between styles of enrichment common to both mantle xenoliths and host volcanic rocks may also be interpreted in terms of the interaction of sub-lithosphere-derived (i.e. plume and plume modified) magmas with the SCLM. In fact, our model predicts that geochemical signatures of the sub-lithospheric magmas are imparted to the SCLM, possibly to be resampled during later episodes or phases of magma ascent and intrusion. We emphasize four aspects of our model that we suggest may contribute to critical reassessment of the prevailing and complicated SCLM model for continental basalt provinces, as follows.
(1) Large, deep plumes emanating from the coreEEE mantle boundary naturally entrain undegassed lowermantle material that can incorporate accumulated recycled crustal eclogitic and related materials en route to the depleted asthenosphere. Large igneous provinces, such as the Paran aEEEEtendeka, are characterized by exceedingly wide compositional ranges and scales of magmatism, which we suggest to be a natural consequence of mantle upwellings of this scale. The longevity of such upwellings over the lifetime of plume magmatism will lead, at times, to the possibility that 206 Pb/ 204 Pb and 208 Pb/ 204 Pb ratios evolve significantly over the lifetime of plume magmatism, and result in apparent decoupling of Pb from other radiogenic isotope systems.
(2) The relatively unradiogenic 206 Pb/ 204 Pb and 208 Pb/ 204 Pb, and high 207 Pb/ 204 Pb compositions exhibited by most Khumib magmas and small subsets of samples of the Tafelberg, and some other basalt types, are difficult to reconcile with an origin in the SCLM (or lower crust given the scales of magmatism). We note the lack of lithospheric mantle xenoliths that contain Pb plotting to the left of the Geochron. We therefore concur with Eisele et al. (2002) and Murphy et al. (2002) that U-depleted subducted sediment (AEMORB) stored in the deep mantle is a more likely source for Pb isotope compositions plotting to the left of the Geochron, yet significantly above the DM evolution curve. We further argue that the presence of similar Pb isotopic signatures in localized, plume-related oceanic basalts from the Walvis Ridge Site 525A, the Discovery and central Shona Ridges, and near the Bouvet Triple Junction, each near the southern MidAtlantic Ridge, are entirely inconsistent with an SCLM source for these Pb isotope signatures.
(3) The contrasting Sr and Pb abundance patterns and isotopic compositions observed in the Khumib lavas (and small subsets of the Tafelberg and other basalt types) are difficult to explain with an SCLM origin, which would require special enrichment events whereby Pb is preferentially enriched and Sr depleted relative to elements of similar compatibility. Furthermore, because lithospheric mantle xenoliths have chondritic and sub-chondritic Nb/Ta ratios, and Pb isotope ratios plotting to the right of the Geochron, SCLM models need to resort to melting domains unsampled by xenoliths.
(4) Sub-lithospheric mixing of melts derived from depleted asthenospheric upper mantle, Tristan plume, and a subducted sediment (AEMORB) component provides an alternative, simpler explanation for the discontinuities and provinciality of the different magma types present (e.g. high-Ti and low-Ti types), rather than appealing to somewhat arbitrary, large-scale chemical discontinuities within the SCLM.
The model presented here for the Paran aEEEEtendeka Province provides an alternative to SCLM melting and needs to be tested in other plume-dominated large igneous provinces. Unusual isotopic and geochemical characteristics, exhibited by even only a small subset of studied lavas, deserve attention for the possible identification of long-lived subduction-modified crustal reservoirs in the mantle. Isotopic fingerprints alone may not yield an unequivocal solution, as exemplified by the Pb-isotope compositions of the studied rock suites. Distinctive low 206 Pb/ 204 Pb but high 207 Pb/ 204 Pb isotope compositions, plotting close to the Geochron, were first identified in oceanic basalts from the Walvis Ridge. They served to define the enriched-mantle I (EM-1) reservoir of Zindler & Hart (1986) . If our model is correct these Pb isotope compositions characterize the recycled crustal end-member identified here (and in Pitcairn and Gaussberg) and the term`enriched' is justified, despite the fact that the enriched character (i.e. the high 207 Pb/ 204 Pb) was created in continental crust, and not in the mantle.
It is now well established that the bulk silicate Earth plots onto the core-corrected Geochron at higher 207 Pb/ 204 Pb than the depleted MORB source (e.g. Galer & Goldstein, 1996; Kamber & Collerson, 1999; Murphy et al., 2003) , in an area in common Pb space very similar to the EM-1 source defined by Zindler & Hart (1986) . Undepleted material could exist in portions of the lowermost mantle and in deep plumes originating at the coreEEEmantle boundary that have the potential to erupt melts with Pb isotope compositions that developed for 44Á5 Gyr in the lowermost mantle. This creates a situation where Pb isotope ratios of very similar composition can have very different geodynamic implications.
The combination, however, of trace element fingerprints, together with Pb and other radiogenic isotope ratios, should allow distinction between melts from recycled material [the EM-1 mantle end-member component of Milner & le Roex (1996) and Zindler & Hart (1986) ] from undepleted mantle, which does not possess a super-chondritic Nb/Ta, low Nb/Nb Ã , low Cs/Rb or super-chondritic Sr-isotope ratios. Large igneous provinces offer the opportunity to gain further insight into the regional and temporal variation of deep mantle sources depending on the detailed chemistry of the plume magmas, and the age and compositional attributes of the subducted slab material (see Bell & Tilton, 2001 ). Partition coefficients after Ewart et al. (1998a) , with additional and modified data from unpublished database (A. Ewart, 2002) ; Hart & Dunn (1993) , Dunn & Sen (1994) , Ewart & Griffin (1994) and Jeffries et al. (1995) .
